Terahertz (THz) and sub-THz frequency emitter and detector technologies are receiving increasing attention, underpinned by emerging applications in ultra-fast THz physics, frequency-combs technology and pulsed laser development in this relatively unexplored region of the electromagnetic spectrum. In particular, semiconductor-based ultrafast THz receivers are required for compact, ultrafast spectroscopy and communication systems, and to date, quantum-well infrared photodetectors (QWIPs) have proved to be an excellent technology to address this, given their intrinsic picosecond-range response. However, with research focused on diffraction-limited QWIP structures (λ∕2), RC constants cannot be reduced indefinitely, and detection speeds are bound to eventually meet an upper limit. The key to an ultra-fast response with no intrinsic upper limit even at tens of gigahertz (GHz) is an aggressive reduction in device size, below the diffraction limit. Here we demonstrate sub-wavelength (λ∕10) THz QWIP detectors based on a 3D split-ring geometry, yielding ultra-fast operation at a wavelength of around 100 μm. Each sensing meta-atom pixel features a suspended loop antenna that feeds THz radiation in the ∼20 μm 3 active volume (V eff ∼3 × 10 −4 λ∕2 3 ). Arrays of detectors as well as single-pixel detectors have been implemented with this new architecture, with the latter exhibiting ultra-low dark currents below the nA level. This extremely small resonator architecture leads to measured optical response speeds-on arrays of 300 devices-of up to ∼3 GHz and an expected device operation of up to tens of GHz, based on the measured S parameters on single devices and arrays.
INTRODUCTION
Applications of terahertz (THz) frequency radiation (loosely defined to span the 1-10 THz frequency region) range from medical imaging through to trace gas spectroscopy. Each particular application poses specific requirements on the system components, but ultra-fast operation-for either emission or detection-is usually a vital functionality (e.g., in wireless communications or in realtime imaging). To date, many THz detectors (bolometers, pyroelectric crystals, Golay cells) contain thermal sensing elements that yield modest detectivities D ∼ 10 9 cm p Hz∕W and/or require cryogenic cooling. Furthermore, their bandwidth is normally limited to tens of kilohertz by the device thermal and/or electrical time constants (τ ∼ ms) [1] . Recently, superconducting hot-electron bolometer (SHEB) technology has enabled sensitive and fast responses, which suits niche applications (e.g., heterodyne receivers for astronomy). The best available NbN SHEBs exhibit high responsivities (≈kV∕W) and fast response times (∼50 ps) up to 6 THz [2] . For lower frequencies, electronic circuit detectors (e.g., Schottky diodes or field-effect transistors) are in general excellent solutions in the sub-THz frequency range [3] . Renewed interest in compact, semiconductor-based ultra-fast THz detectors has recently appeared, underpinned in part by applications in ultra-fast THz physics [4, 5] , frequency-comb technology [6, 7] , and pulsed laser development [8] [9] [10] . For instance, graphene and related 2D materials are extensively investigated as sensing elements for THz radiation, owing to their ultra-fast carrier dynamics and possible integration with the silicon platform [11] . Recently fabricated devices show a 50 ps rise time, although a responsivity only of the order of nA/W was reTo date, the most reliable THz receivers combining ultra-fast response (bandwidth in the tens of GHz) and good responsivity (∼A∕W) exploit a mature, solid-state technology such as the quantum-well infrared detector (QWIP) [13] . In the mid-infrared (8 μm < λ < 12 μm), QWIPs are at an advanced development stage and are used as single-element detectors and as imaging cameras. In the THz range (2-5 THz), QWIP technology is limited to low temperatures, with typical background-limited infrared temperatures (T blip ) of ∼15∕20 K [14] . The material system employed is usually GaAs/AlGaAs, although interest has arisen recently in the GaN platform [15] . QWIP technology is promising for efficient THz photon detectors with an ultra-fast response, owing to the short lifetime of intersubband (ISB) transitions (τ ISB ∼ ps). Indeed, when the material carrier dynamics is intrinsically ultra-fast, the only limitation to the detector frequency response arises from the device size i.e., the electrical RC constant of the optoelectronic component plus the read-out circuit. In a very recent paper Li et al. report a measured bandwidth of 6.2 GHz for a THz QWIP processed in a 400 μm × 400 μm mesa geometry [16] . This demonstration has been possible by exploiting the beating between Fabry-Perot modes of a 6-mm-long THz quantum cascade laser (QCL). Before that, the best measured speeds were limited to the megahertz (MHz)/sub-MHz range [17, 18] . However, to further reduce the RC time constant and develop an architecture with the potential of response bandwidths in the tens of GHz at THz frequencies, an ultra-small, micrometersized resonator geometry is crucial. Unlike in the NIR/MIR range [19] , this is challenging because it means operating in the extreme sub-wavelength limit. (Constraints exist linked to the lack of readily available THz QC lasers with fast modulation capabilities, but this is beyond the scope of this paper.)
To date, THz QWIPs have mainly been embedded in large (compared with the wavelength) photonic structures, such as mesas (normally substrate-coupled through a polished facet) [13, 15] or metal diffraction gratings [20] . More recently, arrays of diffraction-limited (λ∕2) patch antennas [21] and planar meta-surfaces [22] have been used to couple radiation into THz quantum well detectors. Indeed, meta-materials are appealing as in-coupler elements for ultrafast and small THz sensors. They rely on extremely sub-wavelength single units called meta-atoms, whose archetypical example is the split-ring resonator: a sub-wavelength LC circuit where the microscopic capacitor can, in principle, host a semiconductor active region. Passive devices (absorbers, polaritonic structures, 3D metamaterials) based on this concept have been demonstrated [23] [24] [25] . However, an electrically injected optoelectronic "meta-atom" device (a laser or a detector) has yet to be demonstrated. In addition to the intrinsically small RC constant, the resonant LC geometry is appealing since it provides new degrees of freedom with respect to conventional photonic cavities: loss and radiation in-coupling can be engineered via critical coupling/free-space impedance matching, frequency tuning via external lumped elements, choice of the absorption directivity via antenna design, etc.
DEVICE CONCEPT, MODELING, AND FABRICATION
Here, we report meta-atom QWIP detectors with dimensions below the diffraction limit (λ∕2) operating around 3 THz with an ultra-fast response. The device concept is illustrated in Fig. 1(a) .
The device core is a sub-wavelength-sized metal-semiconductormetal (MSM) capacitor, shown in blue in Figs. 1(a) and 1(b), which hosts the detector active region, connected to a suspended metallic loop antenna providing inductance. We have shown in Ref. [24] that a similar object behaves as an LC circuit, where the capacitance and the inductance are set by the geometry. Because of this circuital character, the MSM capacitor can be extremely sub-wavelength, while still permitting electromagnetic (EM) resonance. However, electrical injection in this system has proved to be challenging. Here, we have finally solved this problem by patterning the ground plane into two separated regions, with the gap between the two defining an additional capacitance (C gap ). This forces the DC detector current to flow through the active core, while C gap only marginally affects the electromagnetic resonance in the THz range. The equivalent circuit is shown in Fig. 1(b) . Figure 1 (c) shows optical microscope and SEM images of an array of devices, as well as an SEM image of a single detector pixel.
To highlight the key role of the small loop antenna as a receiving element for THz radiation, the optical response of the structure under illumination with a normally incident plane wave has been simulated with a commercial finite element solver (Comsol Multiphysics). The results are shown in Fig. 2 .
When the antenna is not present and the sub-wavelength MSM capacitor alone is considered, a Fano-like feature appears in the reflectivity spectrum around 3.5 THz (Fig. 2 , dasheddotted gray line, top panel): it arises from the Wood's anomaly of the grating created by the sub-wavelength openings in the ground plane [26, 27] . Importantly, the ohmic dissipation in the MSM cavity as a function of excitation frequency reveals that no energy is dissipated in the active region: the MSM capacitor size is much smaller than the wavelength, hence no optical mode is available for coupling. It is instead the suspended antenna that Research Article enables THz radiation coupling in the full device. When the antenna is present, the electronic LC resonance appears and yields the resonant response shown by the black solid line in Fig. 2 (top panel). Energy is now resonantly dissipated into the active region (Fig. 2, bottom panel) . Note: the hybrid mode resulting from the coupling of the LC mode with the grating results in a larger resonant absorption bandwidth (3-4.5 THz), which is beneficial for detector operation.
Driven by these results, arrays and individual meta-atom detectors have been fabricated using standard micro-fabrication techniques [ Fig. 1(c) ] (see Supplement 1 for further details). The diameter of the active region is only 4 μm, i.e., only λ∕25 for operation between 2 and 4 THz. The surface area of the array is about 350 μm × 300 μm and contains 300 single elements. The semiconductor material used in this work (wafer L1258) is a copy of the structure V267 proposed and extensively studied in Ref. [14] . It presents an operating window of about 1.5 THz between 2 and 3.5 THz, as confirmed by a preliminary characterization in a standard mesa geometry (see Supplement 1).
OPTICAL AND ELECTRICAL CHARACTERIZATION
A complete optical and electrical characterization of the fabricated samples has been performed (details of the experimental arrangement are given in Supplement 1). Figure 3(a) shows the low temperature (4.5 K) photocurrent spectrum of an array of meta-atom detectors at different polarizations of the incident beam. As expected from the literature, as well as from the mesa characterization, the spectrum is centered around 3 THz. A clear polarization-sensitive response is observed: maximum coupling is achieved when the magnetic field of the incident beam is orthogonal to the antenna (red curve), confirming the numerical results presented in Fig. 2 . A residual coupling in the other polarization (blue curve) is probably due to the nonzero E z component, given by the finite numerical aperture of the lens focusing the incident beam. Furthermore, we have measured the photocurrent spectra from several single meta-atom detectors, individually contacted. They show a response similar to the array configuration [inset of Fig. 3(a) ], thus confirming that the device arrays operate as optoelectronic meta-surfaces, where the total response is the (incoherent) sum of the individual meta-atom contributions. Figure 3(b) shows the device dark current at 4.5 K (black curve), and under illumination from a 300 K blackbody (red curve, more details in Supplement 1). The operating current densities are in agreement with this type of QWIP design. However, because of the extremely small surface of the detector active region, the operating currents have record low values in the 1-10 nA range. For instance, in these devices, the combined semiconductor surface in a 350 μm × 300 μm array is only 3.6%. The background-limited infrared photodetection temperature (T BLIP ) Fig. 2 . Simulated optical response of an array of meta-atoms illuminated by normally incident THz radiation. Top panel: reflectivity spectra. When the antenna is not present and the MSM capacitor alone is considered (gray dashed-dotted line), the spectrum shows a grating mode due to the sub-wavelength openings in the ground plane; when the antenna is added (black solid line), the meta-atom LC resonance appears. Bottom panel: ohmic dissipation computed in the MSM cavity as a function of the excitation frequency, revealing that energy is resonantly dissipated in the semiconductor only if the inductive antenna completes the RLC circuit (see Supplement 1 for further details). Research Article of the devices is 8 K, similar to the temperature found when the same material is processed in a standard mesa detector configuration. The great reduction of the operating dark current enabled by our structures is not accompanied by an appreciable improvement of T BLIP . A basic parameter to quantify the response of a photodetector is the responsivity, defined as R I BB@300 K − I dark ∕P incident , where P incident is the power impinging on the device array, estimated at about 20 nW (see Supplement 1) . It can be readily evaluated by using Planck's law for a 300 K ideal blackbody upon integration of the spectral radiance over the detector sensitivity window previously measured. From the dark/light characterizations we can extract the responsivity of an array of meta-atom QWIPs, as shown in Fig. 3(c) . The experimental values are in agreement with the literature, both for a detector processed as a large mesa [14] or as small patch cavities [21] . We can conclude, therefore, that the massive reduction in size of the detector preserves the performance of the QWIP material.
RF RESPONSE
We now prove that these detectors exhibit ultra-fast speed. First, we performed a direct optical response analysis, using an RFmodulated THz quantum cascade laser (QCL) as the source, and connecting the amplified output of a meta-atom detector array to a spectrum analyzer (SA), as shown in Fig. 4(a) .
The laser used is a single-mode 3 THz surface-emitting QCL [28] , biased in continuous wave (CW) just under threshold. The signal from a RF synthesizer (13 dBm) is injected using a bias-T. The effect is to switch the laser on and off at the RF frequency. Figure 4(b) shows the QWIP signal, detected after amplification, when the THz laser is modulated at 1.5 GHz. The noise floor is −82 dBm (laser shielded), for a resolution bandwidth of 1 kHz. With the laser on the detector, the SA reveals a signal at the RF modulation frequency with ∼4 dB intensity above the noise. Finally, Fig. 4(c) shows the SA signal for RF modulation frequencies of 0.5 (13 dBm), 1.5 (13 dBm), and 2.5 GHz (15 dBm). This demonstrates that the meta-atom detector can operate at speeds at least up to 2.5 GHz.
To gain deeper insight into the high-frequency response of this detector architecture, we have measured the complex one port S parameters (real and imaginary part of S 11 ) of several single-pixel and arrays of detectors, using a 40 GHz network analyzer.
In Fig. 5(a) , the data for a representative single device (red curve, top panel) and an array (red curve, bottom panel) are plotted as normalized impedances z Z L ∕Z 0 (Z L is the device impedance loading the Z 0 50 Ω measurement line) on a Smith chart. Note: the measurements were made at room temperature; the Smith chart summarizes the real and imaginary part of the S 11 parameter on a single plot.
The Smith plot confirms that, as expected, the device subwavelength size prevents a good impedance matching with the 50 Ω line over the entire frequency range.
We have inferred the equivalent RF circuit of each device by fitting the predicted behavior (blue curves) against the experimental data (red curves) using commercial circuit simulation software (Keysight ADS). Figure 5(b) shows the equivalent circuit of a single meta-atom detector, including the access contact lines. The circuit modeling the actual detector (within the dashed brown line) comprises the parallel combination of the capacitance C c and resistance R c that models the Au-Ti/n-GaAs Schottky contact situated on top of the MSM capacitor. This junction is in series, with a resistor R AR accounting for the resistance of the semiconductor active core, and the resistance of the bottom ohmic Pd-Ge contact. The geometric capacitance of the MSM cavity C AR appears in parallel across the contacts, while the inductive behavior of the current-carrying metallic parts (including the small loop THz antenna) is modeled with a series inductor L. Finally, R a is the access resistance, and C a is the capacitance of the large bonding pad. The averaged values extracted from five devices are reported in the inset in Fig. 5(b) . C AR and C c are comparable with the estimate based on analytical formulas for the geometric and Schottky capacitance (C AR ∼ 1 fF and C c ∼ 50 fF). Also, the extracted series resistance R AR is of the same order of magnitude as the one extracted from the DC I-V curves (typically a few kΩ). This model fits the data well [blue and red curves in Fig. 5(a) ] both for a single pixel and an array of devices. Note: in the latter case, the equivalent circuit is just a 2D array of single-pixel equivalent circuits, with small parasitic L and C added between neighboring elements to account for mutual coupling. The excellent agreement between predicted and experimental values suggests the use of the equivalent circuit as a predicting tool for the detector's high-frequency behavior. In particular, the RF signal extraction efficiency can be simulated over a broad frequency range: if a (photo)current generator is added in series to R AR , the ratio between the extracted current (I out ) and generated photocurrent in the active region (I in ) as a function of frequency can be calculated. The result is shown in Fig. 5(c) : the solid black curve represents the frequency response of a single pixel from 100 MHz to 1 THz using the R, L, C values of Fig. 5(b) that correspond to the present experimental configuration. The modeling reveals that the Schottky capacitance C c limits the low-frequency current extraction, while the high-frequency cutoff-which in these devices is tens of GHz-is limited only by the pad capacitance C a . As expected, extremely subwavelength detectors lead to high-frequency operation, possibly reaching the upper bandwidth limit imposed by the QWIP transport mechanisms (BW ∼ 30 GHz if we assume τ photocarrier ≈ 5 ps [29, 30] .
CONCLUSIONS
In conclusion, we have demonstrated THz detectors based on a 3D meta-atom geometry with ultrafast response. We have exploited an LC approach to drastically reduce the effective detector area, going beyond the intrinsic limitation given by the RC constant of diffraction-limited THz structures such as mesas or patch antennas.
Future developments will focus on achieving better response at low response frequencies, replacing the top Schottky contact with an alloyed ohmic contact [ Fig. 5(c) , solid gray curve]. Additionally, a further reduction of the contact pad capacitance [e.g., by a factor 10 in Fig. 5(c) , dashed gray curve] can push the RC high-frequency cutoff to higher frequency. This is of interest in view of using these detectors in combination with mode-locked THz (QC) lasers [8, 9, 31] , which is another important vista of this work. Finally, the extraction efficiency of the RF signal is only a few percent due to the impedance mismatch arising from the very small detector size and the read-out line. This is a known problem in RF technology. It can be overcome, over a small bandwidth around a chosen precise modulation frequency [32] , by impedance matching to 50 Ω using discrete reactive components (inductors, capacitors). Research Article
